Abstract: New ionic conducting materials for electrolytes for electrochemical devices have been attracting the interests of researchers in energy materials. Here, for the first time, we report a conductive composite with high ionic conductivity derived from an electronic conductor -LiFeO 2 and an insulator -LiAlO 2 . High conductivity was observed in -LiFeO 2 --LiAlO 2 composite when prepared by a solid state reaction method. However, the conductivity enhancement in -LiFeO 2 --LiAlO 2 composite was not observed when the two oxides were mechanically mixed. The -LiFeO 2 --LiAlO 2 composite also exhibits O 2-or/and H + ionic conduction which was confirmed through H 2 /air fuel cell measurements. An exceptionally high conductivity of 0.50 S/cm at 650 °C was observed under H 2 /air fuel cell condition. This provides a new approach to discover novel ionic conductors from composite materials derived from electronic conductors.
Introduction
One of the key materials for electrochemical devices is the ionic conducting electrolyte. In search of highly conductive electrolyte materials remains a major task for researchers working on energy materials. [1] [2] [3] [4] In this paper, we report the new phenomenon that an electronic conductor, such as -LiFeO 2 can be converted into an ionic conductor through the formation of a composite with an insulator -LiAlO 2 .
One of the strategies to increase the ionic conductivity of a material is to mix a known ionic conductor with an insulator to form a highly ionic conductive composite. In 1973, Liang reported on enhanced ionic conductivity in AgI-Al 2 O 3 composite materials. [5] At 25 °C, the ionic conductivity of the composite with 35-45mol% Al 2 O 3 (10 -5 S/cm) is two orders of magnitude higher than that of pure AgI (10 -7 S/cm). [5] Following this pioneer work, many papers have been published on ionic conducting materials based on salt-oxide composites, such as CuCl-Al 2 O 3 [6, 7] , CaF 2 -Al 2 O 3 [8] , AgBr-Al 2 O 3 , [9, 10] LiBr-Al 2 O 3 , [11] lithium halide-based quaternary compounds, [12] Li 2 SO 4 -Al 2 O 3 [13] and other systems. [14] J. Maier made a comprehensive research on the conduction mechanism of the salt-oxide composite materials and the enhanced ionic conductivity is attributed to the defects in the space charge layer at the salt-oxide interfaces. [15] [16] [17] He also emphasised that the implementation of a high density of interfaces can lead to a substantial impact on the overall or even local ionic transport properties of solids. [18] The development of ionic-conducting composite materials has been reviewed in several papers. [18] [19] [20] [21] [22] [23] [24] As for electrolyte materials for solid oxide fuel cells (SOFCs), the existing typical electrolytes such as yttrium stabilised zirconia (YSZ), gadonilium doped ceria (GDC), Sr-and Mg-doped LaGaO 3 (LSGM) and Y-doped BaCeO 3 /BaZrO 3 are good but also have drawbacks, such as poor mechanical strength, too expensive or with insufficient conductivity at intermediate temperature (500 -700 °C). [1, 25] Low cost conductive electrolyte materials for intermediate temperature solid oxide fuel cells (IT-SOFCs) are still in high demand. Therefore to developed ionic conducting electrolytes based on composite materials taking advantage of the interface effects is a good strategy. [18] There are some reports on ionic conductivity of oxide-oxide composite materials.
Researchers tried to discover a good electrolyte in composite materials for high temperature electrochemical devices. It has been reported the 3mol% yttria stabilised zirconia (3YSZ) -MgO composite exhibits a lower conductivity at a temperature below 700 °C, [26] the conductivity of 8YSZ-Al 2 O 3 composite is lower than pure 8YSZ. [27] Addition of Al 2 O 3 in doped CeO 2 causes increased grain boundary resistance thus reduced total conductivity. [28] The conductivity of La 0. composite with a LSGM to SDC weight ratio of 1:9 exhibits slightly higher conductivity than both LSGM and SDC at a temperature below 650 °C. [29] Zhu et al. reported that high ionic conductors can be obtained in the samarium doped ceria (SDC) and lithium doped ZnO (Li x ZnO) composite with a core-shell microstructure with ionic conductor SDC as the core, electronic conductor Li x ZnO as the shell. This electrolyte exhibits super-ionic conductivity ( > 0.1 S cm -1 over 300 C). [30, 31] The same author also reported that maximum conductivity (about 1.0 S cm −1 ) was obtained for the optimized Y 2 O 3 -SDC composite electrolyte at 600 °C. [32] The effects on conductivity enhancement in composite oxides is mixed. In most cases, the conductivities of composites are lower than that of the starting components.
Conductivity enhancement was also observed in some systems.
Recently we reported the high protonic conductivity in layered oxide Li x Al 0.5 Co 0.5 O 2 with a proton conductivity of 0.10 S/cm at 500 °C. [33, 34] This inspired us to developed protonconducting electrolyte in other layered oxide such as -LiFeO 2 . [35] In our experiment, it was found that new oxide with nominal composition 'LiFe 0. has been investigated to be used as potential cathode for molten carbonate fuel cells (MCFCs) due to its electronic conduction but its application is limited to the low conductivity. [36] LiAlO 2 is an insulator widely used as the electrolyte matrix for MCFCs. [28] Our experiments indicate that a good ionic conductor can be derived from an electronic conductor such as -LiFeO 2 through the formation of a composite with an insulator such as -LiAlO 2 . In this paper, for the first time, a highly conductive composite LiFeO 2 -LiAlO 2 and its conduction behaviour have been investigated. It should be noted that, due to the sublimation of lithium during the preparation process, all the oxide materials presented in this work are likely to be lithium deficient.
Results and discussion
Phase composition and conductivity of LiFeO 2 -LiAlO 2 composite Figure 1A shows the XRD pattern of the sample after firing at 900 °C for 1 hour. experiments, it has been demonstrated that the as-prepared sample is mainly a mixture of two oxides. The cross-section of the LiFeO 2 -LiAlO 2 composite pellet indicated that it is composed of particles with particle size ranged between 5 -20 m (Figure 2A ). Energy dispersive spectroscopy (EDS) analysis further confirms that it is a composite of two oxides.
It has been reported that -LiAlO 2 can be doped by 2mol% Fe at the Al-site. [37] Therefore the -LiAlO 2 phase will be doped with a small amount of Fe and vice versa. The doping level of Fe in LiAlO 2 and Al in LiFeO 2 seems quite low ( Figure S1 ). Lithium was not observed in the EDS spectrum because its atomic number is too low to be detected by EDS.
-LiAlO 2 has been reported as a good promoter for ionic conductor in the salt-oxide composite materials. It has been reported that addition of -LiAlO 2 in the LiClO 4 -LiAlO 2 composites can significantly increase the Li + ion conductivity. [38] It would be interesting to investigate the conductivity of LiFeO 2 -LiAlO 2 composite to see if the conductivity of LiFeO 2 can be enhanced too. At 700 °C in air, it was found that the total conductivity was 0.48 S/cm but slightly decreased to 0.47 S/cm after 135 minutes ( Figure 3A ). The possible reason for the slight decrease of conductivity is due to the change of local defects and defect concentration at the LiFeO 2 -LiAlO 2 interface when ageing at 700 °C if the total conductivity is closely related to the defects at this interface. [15] The conductivity was quite stable at 700 °C.
The total conductivity was over 0.10 S/cm at a temperature above 600 °C.
Some of the typical a.c. impedance spectra of the LiFeO 2 -LiAlO 2 composite in air are shown in Figure 4 . The obvious depressed semi-circles for electrode responses at lower frequencies indicates it could be an ionic conductor or a semi-conductor. For impedance patterns recorded at 700 °C, the normalized capacitor of the semi-circle was ~ 10 -2 F/cm indicating that the semi-circle was the response of electrode thus only the total resistance was measured. [39] However, at reduced temperature, for the impedance response at middle frequency at 610 °C and high frequency at 512 °C (Figures 4C&D, the corresponding capacitor was in the range of ~ 10 -8 F/cm indicating it was the response of grain boundary. [39] The conductivity displayed in Figure 3 for LiFeO 2 -LiAlO 2 composite was the total conductivity.
Thermogravimetric (TG) analysis of the LiFeO 2 -LiAlO 2 composite in air indicated slow weight loss starting from 600 °C ( Figure 5 ). This is more likely due to the loss of oxygen from the two oxides, particularly LiFeO 2 . The melting point of Li 2 CO 3 is 723 °C. Evaporation of the trace amount of Li 2 CO 3 cannot be ruled out. TG analysis of the composite sample in 5%H 2 /Ar indicated slight weight loss starting from 50 °C and this became more significant at a temperature above 500 °C ( Figure 5 ). Besides the possible desorption of water and gases, it is more likely that H 2 interacted with the material therefore caused the loss of oxygen from either LiFeO 2 particles or the grain boundary, forming either reduced LiFeO 2- or oxygen vacancies at the grain boundary. This is also reflected on the conductivity change of which is discussed in details below.
It has been observed that the conductivities of LiFeO 2 -LiAlO 2 composite in both air and 5%H 2 /Ar are roughly two and four orders of magnitude greater than the reported values of pure LiFeO 2 [36] and -LiAlO 2 [41] respectively ( Figure 3B ). The conductivity of LiFeO 2 -LiAlO 2 composite is also roughly 1-2 orders of magnitude higher than that for pure Li 2 CO 3 . [42] It has been reported that the conductivity of Li 2 CO 3 --LiAlO 2 composite with 40 vol% Li 2 CO 3 is lower than 0.1 S/cm below the melting point of Li 2 CO 3 , 723 °C. [43] Therefore the observed conductivity enhancement in the LiFeO 2 -LiAlO 2 composite is unlikely related to the presence of Li 2 CO 3 itself. The possible reason is the enhancement effects in composite materials as the case for LiClO 4 /-LiAlO 2 composites. [38] Another possibility is the formation of lithium rich oxides. Although it was found that Li-rich -LiAlO 2 is more conductive [41] but it is unlikely in our study as no access Li 2 CO 3 was added in the precursors while there are a tiny amount of Li 2 CO 3 left in the produced composite ( Figure 1A ). After the conductivity measurements, the LiFeO 2 -LiAlO 2 composite was cooled down in 5%H 2 /Ar. XRD pattern indicated that the composite still remained the same phase but more Li 2 CO 3 peaks appear, possibly due to crystallisation of amorphous Li 2 CO 3 or exsolution of Li2CO3 from the LiFeO 2 -LiAlO 2 composite after experiencing high temperature measurements ( Figure 1B ).
In order to further confirm this observed conductivity enhancement in LiFeO 2 -LiAlO 2 composite, pure -LiFeO 2 were prepared by a similar solid state reaction method using the same precursor. A commercial -LiAlO 2 (Alderich) was directly used for preparation of pellet for conductivity and other measurements. It was found that the conductivity of -LiAlO 2 in our experiment is very close to the reported value ( Figure 3B ). The conductivity of -LiFeO 2 is in the same range with the reported value for LiFeO 2 although it was unclear which phase it was. [36] The conductivity of the mechanically mixed LiFeO 2 -LiAlO 2 lies between pure LiFeO 2 and LiAlO 2 ( Figure 3B ). This experiment indicates that the conductivity enhancement in the conditions. The observed OCV was close to zero in hydrogen concentration cell measurement indicated that the composite exhibits negligible proton conduction ( Figure 7B) under the hydrogen concentration cell measuring conditions. This phenomenon is very different from the proton conduction in layered oxide Li x Al 0.5 Co 0.5 O 2 [33] because the -LiFeO 2 phase in the composite exhibits cubic disordered rock salt structure which is not a layered oxide. [35] The potential mobile channels for protons in layered oxides do not exist in the cubic -LiFeO 2 . It should be noted that proton conduction has been widely reported in materials which are not with layered structure. The layered structure may facilitate the mobility of protons but this is not essential in proton-conducting materials such as those with perovskite or scheelite structures. [44, 45] Figure 9A shows the fuel cell performance at 650 °C for four runs. The power densities increased at the first three runs which is related to the activation effects for SOFCs.
An OCV above 0.9 V with maximum power density of 45 mW/cm 2 was achieved. As shown in Figure 9A , The I-V and I-P curves are not smooth as normally observed in other studies. As the ionic conduction is dominated by the Fe (Table 1) . This is understandable as the whole composite was exposed in 5%H 2 /Ar at high temperature for a long time during the conductivity measurement while only the anode was exposed in H 2 during the fuel cell measurements.
Conclusions
In conclusion, exceptionally high conductivity was observed in the -LiFeO 2 /-LiAlO 2 composite. The conductivity of composite is orders of magnitude higher than that for pure range with high OCV in a H 2 /air fuel cell which may limit its application therefore better composite ionic conductors are to be discovered for real applications.
Experimental Section Preparation of LiFeO 2 -LiAlO 2 composite
The LiFeO 2 -LiAlO 2 composite material was prepared by a solid state reaction method. Li 2 CO 3 , The as-prepared pellets were used for conductivity and electrochemical measurements.
For synthesis of -LiFeO 2 , Li 2 CO 3 and Fe 2 O 3 were dried at 500 °C for a couple of hours to remove the adsorbed water. Stoichiometric amounts of Li 2 CO 3 and Fe 2 O 3 with Li:Fe molar ratio of 1:1 was weighed and ball-milled for 60 minutes at 400 rpm in a FRITSCH P6 miller using a zirconia container with zirconia balls. After firing at 800 °C for 24 hours, the mixture was pressed into pellets with diameter of 13mm and 20 mm, then fired at 900 °C for 1 hour.
The as-prepared pellets were used for conductivity and electrochemical measurements.
A commercial -LiAlO 2 (Alderich) was directly used to press into pellets with diameter of 13mm and 20 mm, then fired at 1100 °C for 4 hour. The as-prepared pellets were used for conductivity and electrochemical measurements.
The mechanically mixed -LiFeO 2 --LiAlO 2 pellets was prepared by mixing the as-prepared pure -LiFeO 2 and commercial -LiAlO 2 at a molar ratio of -LiFeO 2 to -LiAlO 2 at 7:3. The mixture was ball-milled for 60 minutes at 400 rpm in a FRITSCH P6 miller using a zirconia container with zirconia balls. It was then pressed into pellets with diameter of 13mm, then fired at 900 °C for 1 hour. The as-prepared pellets were used for conductivity measurements.
The relative density of both -LiFeO 2 --LiAlO 2 composite and mechanically mixed pellets was estimated around 90%.
Materials characterisation
X-ray data were collected on a PANanalyticalX'Pert Pro in the Bragg-Brentano reflection geometry with a Ni-filtered Cu Kα source (1.5405 Å), fitted with an X'Celerator detector and an Empyrean CuLFF xrd tube. Absolute scans in the 2θ range of 5-100° with step sizes of 0.0167º were used during data collection.
Thermal analyses of sample nominal composition 'LiFe 0.7 Al 0.3 O 2 ' were carried out in air and 5%H 2 /Ar using a Stanton Redcroft STA/TGH series STA 1500 operating through a Rheometric Scientific system interface controlled by the software RSI Orchestrator in flowing compressed air and 5% H 2 /Ar at a flow rate of 50 ml/min.
SEM observation was carried out on a HITACHI SU-6600 Field Emission Scanning Electron Microscope (FE-SEM). The FE-SEM is equipped with Energy Dispersive Spectroscopy (EDS),
Oxford Inca 350 with 20mm X-Max detector plus software to allow elemental analyses of metals and ceramic materials.
Conductivity measurements
The pellets with diameter of ~ 13mm and thickness of 2-3mm were used for conductivity measurements. It was found that platinum may react with the Li-containing materials. [33] Therefore silver paste was coated on both sides of the pellets and dried under UV lamp, fired at 700 °C for 1 hour before conductivity and electrochemical testing. The a.c. For oxygen concentration cell, air and pure oxygen were passing through 95% H 2 SO 4 respectively before feeding into the two chambers of the cell. For hydrogen concentration cell, 5%H 2 /Ar and pure hydrogen were passing through 95% H 2 SO 4 respectively before feeding into the two chambers of the cell. The voltage of the cell was recorded on a Solartron 1470E electrochemical interface.
H 2 /air fuel cell measurements
Pellets of LiFeO 2 -LiAlO 2 composite with thickness of 0.8mm with active area of 0.6 cm 2 was used for H 2 /air fuel cell measurements. Pure silver paste was used as both anode and cathode. The cells were mounted on an alumina tube using a ceramic sealant for sealing. [51] Hydrogen passing room temperature water was fed inside the tube and the cathode was exposed to open air. The flow rate of hydrogen was 50 ml/min. The a.c. impedance at OCV and I-V curve of the cell were recorded by a Solartron 1470E/1455 electrochemical interface. Table 1 . Lattice parameters of the -LiAlO 2 and -LiFeO 2 phases in the composite materials derived from the patterns shown in Figure 1 . Figure 10 . The a.c. impedance spectra of the H 2 /air fuel cell at different temperatures when measured at OCV (A) and the enlarged area at low resistance (B). Table 1 . Lattice parameters of the -LiAlO 2 and -LiFeO 2 phases in the composite materials derived from the patterns shown in Figure 1 . Figure 1 . The XRD pattern of the LiFeO 2 -LiAlO 2 composite sample after fired in air at 900 ° (A), after conductivity measurements (B) and after the fuel cell measurements (C). Re Z ( cm 2 ) Figure 10 . The a.c. impedance spectra of the H 2 /air fuel cell at different temperatures when measured at OCV (A) and the enlarged area at low resistance (B). All results in weight% Figure S1 The EDS analysis of the LiFeO 2 -LiAlO 2 composite.
